Endoplasmic reticulum (ER)-Golgi membrane transport and autophagy are intersecting trafficking pathways that are tightly regulated and crucial for homeostasis, development and disease. Here, we identify UVRAG, a beclin-1-binding autophagic factor, as a phosphatidylinositol-3-phosphate (PtdIns(3)P)-binding protein that depends on PtdIns(3)P for its ER localization. We further show that UVRAG interacts with RINT-1, and acts as an integral component of the RINT-1-containing ER tethering complex, which couples phosphoinositide metabolism to COPI-vesicle tethering. Displacement or knockdown of UVRAG profoundly disrupted COPI cargo transfer to the ER and Golgi integrity. Intriguingly, autophagy caused the dissociation of UVRAG from the ER tether, which in turn worked in concert with the Bif-1-beclin-1-PI(3)KC3 complex to mobilize Atg9 translocation for autophagosome formation. These findings identify a regulatory mechanism that coordinates Golgi-ER retrograde and autophagy-related vesicular trafficking events through physical and functional interactions between UVRAG, phosphoinositide and their regulatory factors, thereby ensuring spatiotemporal fidelity of membrane trafficking and maintenance of organelle homeostasis.
have been localized to the ER, where they presumably fine-tune PtdIns(3)P synthesis and turnover in response to various stresses [6] [7] [8] . A few ER-associated proteins that bind PtdIns(3)P have been identified recently, including DFCP-1 (ref. 7) , FYCO1 (ref. 9 ) and WIPI-1 (ref. 10 ), but they are mostly involved in autophagy-induced PtdIns(3)P function. Little is known about the physiological role of steady-state PtdIns(3)P in ER-related trafficking, and the effectors of PtdIns(3)P important for ER function remain uncertain.
One important type of effector for phosphoinositides is the tethering factors, which ensure fidelity in vesicle transport through their interaction with cargo carriers and regulation of the SNARE-mediated membrane fusion 11, 12 . The ER tethering events require the Dsl1p complex in yeast [13] [14] [15] . The Dsl1p complex, which includes Dsl1p, Tip20p and Sec39p, mediates trafficking of COPI vesicles from the Golgi to the ER by capturing COPI-coated vesicles and facilitating SNAREmediated membrane fusion 15, 16 . The mammalian equivalents of Dsl1p, Tip20p and Sec39p are ZW10, Rad50-interactor 1 (RINT-1), and neuroblastoma amplified gene (NAG), respectively 15, [17] [18] [19] . Inhibition of the ER tether precludes Golgi-ER transport and disrupts Golgi structure in mammalian as in yeast 15, [17] [18] [19] . However, the regulation of the RINT-1-ZW10-NAG complex remains unclear. It is also not known whether any phosphoinositide-restricted membrane is involved to ensure spatiotemporal regulation of retrograde trafficking, as has been observed in other trafficking events 1, 2 . Autophagy, a tightly regulated membrane remodelling process for lysosome-dependent degradation of cytosolic contents, is distantly related to the Golgi and ER dynamics 20 . Functional disruption of the Golgi by depletion of COPI proteins leads to the accumulation of LC3-marked vesicles and inhibition of autophagic degradation 21 . Moreover, blocking the exit from the Golgi impairs the membrane expansion of the autophagosome 22 . In line with this, vesicles containing Atg9, a membrane supplier for autophagosomes, are derived from the Golgi-like apparatus [23] [24] [25] [26] . All of these correlative events have led to the concept that autophagy is interconnected with the Golgi pathway.
UVRAG is a beclin-1-interacting protein through its coiled-coil domain, which activates PI(3)KC3 during autophagy [27] [28] [29] [30] [31] [32] . Moreover, UVRAG has a unique activity in the endocytic pathway, where it promotes endocytic trafficking through its interaction with the class C vacuolar protein sorting (C-Vps) complex 29, 33 . Our recent work further demonstrated that UVRAG preserves genomic stability by associating with the centrosome and DNA repair machinery in a manner independent of autophagy 34 . The differential localization and incorporation into a variety of functionally distinct complexes suggest that UVRAG is more of a multitasking protein than previously appreciated. In a continuing effort to characterize the functions of UVRAG, we report here that UVRAG binds PtdIns(3)P through its C2 domain, and is subsequently localized to the ER, where it interacts with the RINT-1-containing ER tether to control Golgi-to-ER COPI transport and the integrity of the Golgi complex. Furthermore, UVRAG dissociates from the tether during autophagy, and works in concert with the beclin-1-containing complex and PtdIns(3)P to mobilize Atg9 trafficking required for autophagy. Thus, our study revealed an unexpected role for PtdIns(3)P at the ER, and also extends the function of UVRAG from an autophagy promoter to an important coordinator of phosphoinositide regulation and of the two trafficking events in cells.
RESULTS

UVRAG is a phosphoinositide-binding protein
UVRAG contains an amino-terminal lipid-binding C2 domain 31 ( Fig. 1a ), yet, its lipid-binding activity has not been determined. Using an Escherichia coli-purified UVRAG GST-fusion protein ( Supplementary Fig. S1a ), we investigated its ability to bind phosphoinositides using a protein-lipid overlay assay. The UVRAG-C2 domain bound strongly to PtdIns(3)P and PtdIns(4)P, and more weakly to PtdIns(5)P, but little to other phosphoinositides (Fig. 1b,c) . No binding of GST to lipids was detected (Fig. 1b) . Under similar conditions, untagged full-length UVRAG also preferentially bound PtdIns(3)P and PtdIns(4)P, whereas no lipid-binding was observed for control IgG (Fig. 1d) .
To further understand its lipid-binding, the UVRAG-C2 domain was used to search for homologues by DELTA-BLAST. The C2 domains of PKC-α, PLC-β and synaptogamin-1 (C2B) were retrieved as best hits. Their sequence alignment revealed several conserved amino acids that may be required for phospholipid binding by UVRAG (Fig. 1e) . Using the crystal structures of PKC-α, PLC-β and synaptogamin-1, we built a homology model for UVRAG-C2, which comprises four antiparallel β-sheets connected by loops. The two PtdIns(3)Pinteracting conserved residues (Lys 78 and Arg 82) in the β2 strand are surface-exposed (Fig. 1f) . Previous studies 35 suggested that Lys 211 of PKC-α, which corresponds to the Arg 82 residue of UVRAG-C2, interacts with phosphatidylinositol 4,5 bisphosphate (PtdIns(4,5)P 2 ) phosphoinositol-4,5-bisphosphate. Similarly, synaptogamin-1-C2B Lys 327 interacts with inositol hexakisphosphate 36, 37 . Analyses of the UVRAG-C2 binding orientations revealed that one of the PO 4 groups of PtdIns(3)P forms a hydrogen-bond interaction with Lys 78 and the second PO 4 interacts with the Arg 82 side chains (Fig. 1f) . Indeed, a double alanine substitution (K78A/R82A) abrogated phospholipidbinding of UVRAG-C2 (Fig. 1b,c) . Mutations of other conserved residues (Lys 87 and Asn 88) to alanine impaired, but did not completely eliminate, phosphoinositide-binding (Fig. 1b) . Consistently, GST-C2, but not GST, co-sedimented with liposomes containing PtdIns(3)P or PtdIns(4)P, but not with liposomes containing phosphatidylcholine, phosphatidylethanolamine or phosphoinositide (Fig. 1g) . Moreover, UVRAG-C2 bound tightly to PtdIns(3)P-containing liposomes at low concentrations ( Supplementary Fig. S1b ). Again, the K78A/R82A mutation abolished the liposome binding of UVRAG to PtdIns(3)P and PtdIns(4)P (Fig. 1g) . Thus, UVRAG binds selectively to phosphoinositides through its C2 domain.
PtdIns(3)P-binding is required for UVRAG localization to the ER
PtdIns(3)P was thought to be located in endosomes 38 , but recently was also found in abundance in the ER 4, 5 , whereas PtdIns(4)P is enriched at the trans-Golgi network (TGN) 39, 40 . As UVRAG binds preferentially to PtdIns(3)P and PtdIns(4)P, we re-examined its subcellular distribution by confocal microscopy using markers of the early secretory pathway. UVRAG exhibited a reticular distribution with a variable number of vesicular structures in the cytoplasm (Fig. 2) . Endogenous UVRAG staining extensively overlapped with that of the endogenous ER proteins calnexin and PDI, and the overexpressed DsRed-ER marker (Fig. 2a-c ), but to a lesser extent with the cis-, medial-or trans-Golgi markers, GM130 and p115, overexpressed GFP-mannosidase II (ManII), and endogenous TGN46, respectively ( Fig. 2d-g ), and surprisingly less with EGFP-FAPP1-PH 39 , a reporter of Golgi PtdIns(4)P (Fig. 2h) . A partial overlap was also detected between UVRAG and coatomer proteins Sec31 and β -COP (Fig. 2i,j) . Consistent with our previous study 29 , UVRAG partially co-localized with the endosomal marker GFP-p40phox(PX) 41 ( Fig. 2k) . Although UVRAG binds PtdIns(4)P in vitro, only a limited amount was found in the Golgi (Fig. 2l) . One possible explanation is that PtdIns(4)P in the Golgi is bound to unknown proteins, making it inaccessible to UVRAG; alternatively, UVRAG association with PtdIns(4)P might need to be triggered by specific signals. Nevertheless, these results indicate that UVRAG is present in the ER, but far less in the Golgi.
If UVRAG binds PtdIns(3)P, a decrease in PtdIns(3)P should result in dissociation of UVRAG from the ER. Expression of MTMR3, an The affinity of the UVRAG-C2 domain for phospholipids was assessed using a protein-lipid overlay assay. The left panel indicates the identity of lipid species on PtdIns strips. Bacterial-purified GST fusion of UVRAG-C2 (wild type, WT), but not GST, binds PtdIns(3)P, PtdIns(4)P and PtdIns(5)P. The K78A/R82A mutant of C2 is defective for phospholipid-binding, whereas the K87A/N88A mutant is partially impaired. Binding of the FYVE and PH domains of Hrs and FAPP1, respectively, to PtdIns(3)P and PtdIns(4)P served as quality controls (right). PE, phosphatidylethanolamine; PC, phosphatidylcholine; LPA, lysophosphatidic acid; LPC, lysophosphatidylcholine; S1P, sphingosine 1-phosphate; PA, phosphatidic acid; PS, phosphatidylserine. (Syt-1) and the C2 domains from phospholipase C beta (PLC-β) and protein kinase C-alpha (PKC-α) and UVRAG, using the ClustalW alignment program. Identical residues are highlighted in red; conserved and similar residues are highlighted in yellow and green, respectively. The two functionally critical residues, Lys 78 and Arg 82, are indicated by an asterisk. The secondary structure of the UVRAG-C2 domain is depicted below the alignment. The sequences of PLC-β, Syt-1 and PKC-α were obtained from Swiss-Prot with accession numbers Q00722, P21707 and P05696, respectively. (f) Homology model of UVRAG-C2 with conserved PtdIns(3)P-interacting residues highlighted with spheres. The crystal structures of PKC-α, PLC-β and Syt-1 C2B were used as templates to develop a homology model of the UVRAG-C2 domain. The binding orientation of PtdIns(3)P with the UVRAG-C2 domain was developed by a molecular docking method and PtdIns(3)P is highlighted in yellow.
A close view of the interaction pattern demonstrates that PtdIns(3)P forms hydrogen-bond interactions with the Lys 78 and Arg 82 residue side chains. These two residues are highlighted surrounded by dots and hydrogen bonds are illustrated with black dashed lines. (g) Pulldown of UVRAG-C2 domain GST-fusion proteins by liposomes bearing the indicated phosphoinositides. GST-Hrs-FYVE and GST-FAPP1-PH are also shown. ER-related phosphatase that dephosphorylates PtdIns(3)P without affecting other phosphoinositide pools 6, 8 , led to a marked reduction of the reticular distribution of UVRAG (Fig. 3a) . This was not observed in non-transfected cells or cells expressing the inactivated MTMR3 C413S mutant (Fig. 3a) . As a control, the localization of the PtdIns(4)P reporter GFP-FAPP1-PH was unaffected by MTMR3, and MTMR3 did not perturb the distribution of GFP-p40phox(PX) that localizes to PtdIns(3)P-enriched endosomes ( Supplementary Fig. S1c) . Similarly, when cells were treated with wortmannin to block PtdIns(3)P synthesis, we observed a partial release of UVRAG from the ER, although the ER remained intact and ER markers remained at the ER (Fig. 3b) . In contrast, the relative distribution of UVRAG to the Golgi-associated PtdIns(4)P was unaffected by wortmannin ( Supplementary Fig. S1d ). As expected, the K78A/R82A mutant defective for PtdIns(3)P binding almost completely lost its co-distribution with ER markers (Fig. 3c) . Hence, UVRAG is a PtdIns(3)P effector and localizes to the ER by binding PtdIns(3)P in vivo.
UVRAG interacts with RINT-1 and forms a complex with the RINT-1-ZW10-NAG ER tether
To further dissect the events downstream of PtdIns(3)P-mediated ER association of UVRAG, we conducted a yeast two-hybrid screen to identify the ER-related interactors other than PtdIns(3)P and beclin 1, using the carboxy-terminal part (residues 270-699) as bait. RINT-1 was identified as a prominent candidate in our screening. This interaction was confirmed by co-immunoprecipitation in cells transiently expressing Flag-UVRAG and HA-RINT-1 (Fig. 4a) . Moreover, endogenous RINT-1 and UVRAG co-immunoprecipitated (Fig. 4c) . Using several UVRAG deletion mutants, we identified residues 270-442 of UVRAG as its main site for RINT-1 interaction, which is independent from its binding to beclin 1 or PtdIns(3)P as aforenoted (Fig. 4a,b ). Significant co-localization of endogenous UVRAG and RINT-1 was observed as a reticular pattern reminiscent of ER staining ( Supplementary Fig. S2f ).
Previous work identified the N-terminal region (residues 1-256) of RINT-1 as the site for binding ZW10 (ref. 18) . To examine whether RINT-1 interaction with UVRAG involves a separate region, we mapped the domain of RINT-1 interacting with UVRAG. The coiled-coil domain of RINT-1, which encompasses the ZW10-binding pocket, mediated UVRAG interaction ( Supplementary Fig. S2a-c) . We examined whether ZW10 and UVRAG compete for the same binding site on RINT-1. Increasing the expression of either ZW10 or UVRAG did not affect their interaction with RINT-1 ( Supplementary  Fig. S2d,e) . Indeed, endogenous UVRAG, RINT-1 and ZW10 readily co-immunoprecipitated, and all interacted with NAG (Fig. 4e) . Of note, little, if any, beclin 1 co-precipitated with RINT-1 and ZW10, whereas it was readily recovered in the co-immunoprecipitation complex of UVRAG (Fig. 4e) . We observed near-complete co-localization of endogenous UVRAG with RINT-1 and ZW10 and with the ER marker (Fig. 4d) . Finally, knockdown of RINT-1 reduced the association of UVRAG with ZW10 and NAG, suggesting that RINT-1 mediates the interaction of UVRAG with the ER tether ( Supplementary  Fig. S2g,h ). In line with this, ER-localized syntaxin 18, but not Golgiassociated syntaxin 6, co-immunoprecipitated with UVRAG and other components of the ER tether (Fig. 4e) . Furthermore, β -COP, an outershell protein of COPI coat, co-immunoprecipitated with UVRAG, along with RINT-1, ZW10 and NAG (Fig. 4e) . These results indicate that UVRAG primarily associates with the RINT-1-ZW10-NAG tether and may participate in the ER-tether-mediated vesicle transport.
UVRAG is required for the coat-tether interaction at the ER
We next evaluated the effects of UVRAG on the ER tethering complex, and its interaction with the COPI coat. As shown in Fig. 5a , strikingly less β -COP co-immunoprecipitated with RINT-1 and ZW10 on UVRAG knockdown. Of note, depletion of autophagyrelated Atg16L1 did not appreciably affect the ability of RINT-1 and UVRAG to pull down β -COP and other factors in the ER tether, suggesting that this is not an outcome of autophagy deficiency (Fig. 5a ). Moreover, UVRAG depletion did not affect the RINT-1-ZW10-NAG heterotrimer assembly, nor did it perturb their ER localization ( Fig. 5a and Supplementary Fig. S3a ). Consistent with decreased COPI-binding, depletion of UVRAG caused redistribution of β -and δ-COP from a juxtanuclear to a diffused puncta pattern ( Supplementary Fig. S3b ,c). Nearly identical phenotypes were observed with RINT-1-and ZW10-knockdown cells ( Supplementary Fig. S3c ). These findings suggest that UVRAG mediates the interaction of the ER tether with β -COP, and by extension the COPI coat, which is required for efficient fusion of retrograde vesicles to the ER.
Physical association of UVRAG with RINT-1 and PtdIns(3)P is required for Golgi-to-ER transport
To examine the effect of UVRAG on the Golgi-to-ER COPI transport, we tracked the redistribution of a COPI cargo, VSVG-KDELR (vesicular stomatitis virus G protein fused with the KDEL receptor) 42, 43 . VSVG-KDELR was mainly present in the perinuclear Golgi at 32
• C. On shifting to 40
• C, the chimaera moved out of the Golgi and eventually distributed as an ER-like structure ( Supplementary  Fig. S3d ). Knockdown of UVRAG markedly inhibited the COPI delivery of VSVG-KDELR to the ER ( and UVRAG C2 mutants. Inhibition of VSVG-KDELR transport by UVRAG knockdown was reversed by wild-type UVRAG, but not by UVRAG 270−442 , UVRAG K78A/R82A and UVRAG C2 that are short hairpin RNA (shRNA) resistant (Fig. 5c ). These results indicate that UVRAG interaction with RINT-1 and PtdIns(3)P is required for COPI retrograde transport.
PtdIns(3)P-dependent action of UVRAG may couple COPI transport to the pathways regulating PtdIns(3)P metabolism. To test this, PtdIns(3)P levels in cells were altered by expression of MTMR3 or wortmannin. Expression of MTMR3 inhibited retrograde COPI transport, which was abrogated by the enzyme-dead C413S mutant (Fig. 5d ). Treatment with wortmannin also led to a reduced ER pool of VSVG-KDELR (Fig. 5d) . Moreover, the addition of wortmannin reduced UVRAG interaction with the RINT-1 complex, and precluded β -COP from binding the ER tether, but did not affect formation of the RINT-1-ZW10-NAG complex (Fig. 5e ). These results are consistent with a model where UVRAG targets PtdIns(3)P to recruit the ER tether close to PtdIns(3)P sites, and its interaction with RINT-1 in turn promotes the tether-coat interaction and enhances overall COPI transport to the ER.
UVRAG regulates cis-Golgi homeostasis
Given that the Golgi-ER transport is pivotal to Golgi homeostasis 15, 17, 18 , we next investigated the consequence of UVRAG suppression to the Golgi by electron microscopy. As shown in Fig. 6a , knockdown of UVRAG induced dilated and scattered Golgi cisternae as compared with the well-formed Golgi stacks in the control. Similar changes were observed in RINT-1-depleted cells ( Supplementary Fig. S4a ). In accord, UVRAG depletion disorganized GM130 and p115 into a punctuate pattern without affecting their overall levels as seen in several cell lines ( Fig. 6b and Supplementary Fig. S4b-d) . Furthermore, knockdown of RINT-1 or ZW10 caused a similar disruption of cis-Golgi ( Supplementary Fig. S4e ), as observed previously 17, 18 . Little change was detected in the distribution of PDI, GalNac-TII, TGN46 and Sec31a (Supplementary Fig. S4d ). As cis-Golgi was specifically K78A/R82A mutant (fifth row), or UVRAG CCD mutant (sixth row), followed by confocal microscopy using anti-GM130 (red) for cis-Golgi staining, anti-Flag (purple) for the ectopically expressed UVRAG protein expression, and DAPI for nuclei (blue). Asterisks indicate shRNA-transfected cells and arrows denote the cells reconstituted with UVRAG (wild-type or mutant) expression. (e) The dispersed distribution of GM130 was quantified, and data represent the mean ± s.d.; n = 200 cells from four independent experiments; * P < 0.05; * * P < 0.01. disrupted, we examined whether the ER-to-Golgi protein transport was affected by UVRAG depletion using the well-established VSVG-GFP transport assay 44 . When the cells were shifted from 40 to 32 • C, VSVG was rapidly depleted from the ER and concentrated at the early Golgi in control cells, whereas it remained dot-like at the cell periphery and failed to concentrate in the Golgi in UVRAG-and RINT-1-depleted cells (Fig. 6c) . Notably, inhibition of UVRAG did not affect brefeldin-A-induced Golgi tubulation and redistribution of Golgi proteins into the ER network through direct tubular connection 45 ( Supplementary Fig. S5a,b) . These results indicate that UVRAG and its ER interactors are required for the ER-Golgi trafficking and the dynamic integrity of early Golgi.
As observed in COPI transport, wild-type UVRAG suppressed the disassembly of cis-Golgi induced by UVRAG depletion (Fig. 6d,e) . However, expression of the shRNA-resistant UVRAG 270−442 and UVRAG K78A/R82A mutant failed to rescue Golgi morphology (Fig. 6d,e) . Thus, UVRAG and its interaction with the RINT-1 complex and PtdIns(3)P are required for intact Golgi structure. Notably, expression of UVRAG CCD , which is deficient only in beclin-1-binding 31 , rescued the Golgi morphology in UVRAG-depleted cells as seen with wild-type UVRAG (Fig. 6d,e) . Accordingly, removing BECN1 or the C-Vps proteins Vps16 and Vps18 had a marginal effect on GM130 ( Supplementary Fig. S5c,d) , indicating that the action of UVRAG in the early secretory pathway is independent of its previously recognized activities in autophagy and endosomal trafficking.
Autophagy induction triggers a shift of UVRAG from the RINT-1 complex to the beclin 1 complex and inhibits COPI transport to the ER The data so far imply that UVRAG action with the ER tether is functionally separable from its autophagic activity as part of a complex with beclin 1, Bif-1 and PI(3)KC3 (refs 29-31) . This raises the intriguing question of how UVRAG coordinates these two events to optimize cargo delivery in response to different stimuli. To this end, we examined endogenous interaction of UVRAG with the RINT-1-containing tethering complex and the beclin-1-containing autophagy complex during autophagy induced by rapamycin (mTORdependent autophagy), SMER28 (mTOR-independent autophagy) 46, 47 or HBSS (starvation; Fig. 7a,b and Supplementary Fig. S6a ). Under normal conditions, UVRAG forms a complex with RINT-1, ZW10 and NAG and interacts with β -COP. During autophagy, however, minimal levels of UVRAG co-immunoprecipitated with the RINT-1 complex in autophagy-inducing cells, suggesting dissociation of UVRAG from the tether (Fig. 7a,b and Supplementary Fig. S6a) . Accordingly, the ability of RINT-1 to interact with β -COP was strikingly impaired (Fig. 7a,b) , although the RINT-1-ZW10-NAG complex formation remained intact (Fig. 7a,b) . Consistent with this, rapamycin inhibited retrograde transport of VSVG-KDELR to a level similar to that observed with wortmannin (Fig. 5d) . These data indicate that autophagy causes disassembly of UVRAG from the RINT-1 complex and attenuated retrograde transport.
Concomitant with UVRAG dissociation from the tether, the interaction of UVRAG with Bif-1, beclin 1 and PI(3)KC3 was enhanced by autophagy (Fig. 7a,b and Supplementary Fig. S6a ). Indeed, autophagy induction increased UVRAG-beclin-1 co-localization, whereas its co-staining with RINT-1 was reduced ( Supplementary  Fig. S6b) . Notably, regardless of autophagy induction, beclin-1, Bif-1 and PI(3)KC3 were largely excluded from the RINT-1 complex, and likewise, the ER tether proteins were largely excluded from the PI(3)KC3 complex (Fig. 7a,b) . Thus, UVRAG associates with two distinct complexes in a mutually exclusive manner. Analogous results were obtained with exogenous UVRAG expression. A clear shift was observed in the binding affinity of Flag-UVRAG from the RINT-1 complex to the beclin 1 complex (Supplementary Fig. S6c ). Interestingly, UVRAG K78A/R82A exhibits a similar shift to that of the wild type. Moreover, UVRAG 270−442 failed to bind the ER tether under both conditions, but its association with the beclin 1 complex was similarly increased during autophagy (Supplementary Fig. S6c ). This suggests that UVRAG recruitment to the beclin 1 complex is independent from its association with RINT-1. We also performed gel filtration analysis of purified UVRAG complexes and found that RINT-1 and ZW10 co-elute with UVRAG as a large complex (∼M r 443K), whereas beclin 1, PI(3)KC3 and Bif-1 derived from the UVRAG affinity eluate have a different elution profile (Fig. 7c) . Autophagy induction, however, caused a clear shift of UVRAG peak elution from the RINT-1 complex to then elute with beclin 1, PI(3)KC3 and Bif-1 (Fig. 7c) . Conversely, when cells underwent a retrograde-trafficking pulse induced by expressing VSVG-KDELR (ref. 48) , the association of UVRAG with the RINT-1 complex was increased, whereas its binding to the beclin 1 complex was concomitantly reduced (Supplementary Fig. S6d ). Hence, UVRAG shifts between two complexes to cross-regulate retrograde trafficking and autophagy.
The roles of beclin 1, RINT-1 and PtdIns(3)P in UVRAG-mediated Atg9 trafficking during autophagy
The UVRAG-associated Bif-1-beclin-1-PI(3)KC3 complex was implicated in mediating Atg9 trafficking 26 . We also found that a portion of Atg9 co-localized with GM130 ( Supplementary Fig. S6e ). Given that the UVRAG-RINT-1 association is required for the stability of cis-Golgi, we examined whether it is similarly essential in the dynamics of Atg9. Unlike cis-Golgi that dispersed on UVRAG knockdown, depletion of UVRAG and/or expression of any of these mutants did not affect the distribution of Atg9 under normal conditions (Fig. 8a) ( Fig. 8a-c) . Consistently, UVRAG or BECN1 depletion markedly inhibited Atg9-vesicle formation, and both the total number of autophagic vesicles and the overlapping Atg9 staining with LC3 puncta were severely suppressed ( Fig. 8d and Supplementary Fig. S7a ). In contrast, depletion of RINT-1 or Atg16L1 had no observable effect on Atg9 movement (Fig. 8d and Supplementary Fig. S7a ). In agreement with the findings that Atg9 trafficking is linked to autophagosomes 50 , the production of LC3-II was greatly increased in the wild-type-and 270-442-expressing cells when compared with that in the CCDor K78A/R82A-expressing cells (Supplementary Fig. S7b ). To verify that enhanced levels of LC3-II represent increased autophagy rather than an impaired degradation, we measured the levels of p62, an autophagic substrate 51 . As expected, expression of the wild type and 270-442 markedly reduced the levels of p62, compared with what was seen with vector, CCD or K78A/R82A (Supplementary Fig. S7b ). Thus, RINT-1 binding is dispensable for UVRAG-mediated autophagy, whereas both beclin 1 and PtdIns(3)P interaction of UVRAG are required for efficient autophagy. Overall, UVRAG functions in two distinct but functionally related trafficking events: one involving the RINT-1 complex in Golgi-ER COPI transport and the other involving the beclin 1 complex in the Golgi-autophagosome Atg9 transport, both of which share a requirement for PtdIns(3)P binding of UVRAG and being thereof functionally interdependent (Supplementary Fig. S8 ).
DISCUSSION
We report here that UVRAG, through its interaction with RINT-1, functions as a positive regulator of the ER tether in Golgi-ER retrograde transport, and demonstrate the mechanism underlying the dynamic regulation of Golgi-ER transport and Atg9 trafficking in response to autophagy through a partnering shift and PtdIns(3)P association of UVRAG.
UVRAG is a versatile protein that localizes in different subcellular compartments to regulate cellular pathways in a coordinated fashion 27, 30, 34, 52, 53 . UVRAG associates with Bif-1 and beclin 1 through PR and CCD regions, respectively, promoting beclin-1-mediated autophagy 30, 31 . Moreover, endosomal UVRAG binds C-Vps to facilitate endosome/autophagosome maturation (Supplementary Fig. S8a ; ref. 29) . Furthermore, the UVRAG C-terminal region is implicated in genomic stability by targeting the centrosome and associating with the Ku-DNA-PK complex for DNA repair 34 ( Supplementary  Fig. S8a ). Apart from these findings, we herein established that loss of UVRAG impairs the ER-tether-mediated Golgi-ER trafficking and cis-Golgi, suggesting an important mechanism for UVRAG in the early secretory pathway. Notably, removing autophagy-related beclin 1, Atg16L1 or endosome-associated C-Vps activity failed to phenocopy UVRAG knockdown, suggesting a minor contribution from other membrane defects that might arise owing to UVRAG deficiency. Consistent with this, UVRAG directly binds RINT-1 and modulates the ER tether in cargo delivery. The RINT-1-interacting domain of UVRAG is also implicated in centrosome targeting; however, the trafficking role of UVRAG is less likely to be dependent on the centrosome interaction as CEP63 can be detected in complex with NS, not significant; * P < 0.05; * * P < 0.01; * * * P < 0.001. Scale bars, 10 µm.
UVRAG only at the centrosome as previously shown 34 . Likewise, the UVRAG mutant that lacks RINT-1-binding ability but remains competent for autophagy-perturbed COPI transport as a relic of UVRAG deficiency, suggesting that the UVRAG-ER-tether interaction is required for complete Golgi-ER function.
Our study established that UVRAG is a downstream effector of PtdIns(3)P, which acts as a scaffold to recruit the tether into PtdIns(3)P-rich patches at the ER for site-specific COPI-vesicle docking. Depletion or blocking of PtdIns(3)P, or point mutations in UVRAG-C2, decreased UVRAG association with the ER, which in turn impaired cargo delivery and Golgi homeostasis. Moreover, the region of UVRAG for PtdIns(3)P recognition is separable from that binding RINT-1. In fact, the interactions of PtdIns(3)P and the RINT-1 complex with UVRAG are all necessary for Golgi-ER transport at the steady state. These results imply that UVRAG functions through two successive activities in Golgi-ER transport: one involving PtdIns(3)P to specify membrane identity and the other involving the ER tether to capture COPI vesicles. Thus, we postulate that basal PtdIns(3)P has a direct role in ER functions that is not contingent on its inducible requirement for autophagy.
Although RINT-1 knockdown affects Golgi-ER dynamics, it has no discernible effect on Atg9 fission. This then raises the question of how the two processes are hierarchically coordinated by UVRAG. We found that coordination relies on the ability of UVRAG to assemble with different protein complexes following induction of autophagy. Under basal conditions, UVRAG acts as a positive regulator of the ER tether for fusion of COPI vesicles with the ER ( Supplementary  Fig. S8b ). When autophagy is induced, UVRAG assembles the beclin 1 complex, which seems critical for Atg9-membrane translocation and requires interaction with beclin 1 (Fig. 8b) . Such recruitment coincides with the dissociation of UVRAG from the ER tether and with negative control of Golgi-ER transport. Our findings indicate that the Golgi-ER transport and Atg9-trafficking pathways are interdependent and intimately coordinated. PtdIns(3)P-bound UVRAG fulfils its dual roles by differential regulation of the beclin 1 and RINT-1 complex, underscoring that the multitasking functions of UVRAG are important to homeostasis.
METHODS
Methods and any associated references are available in the online version of the paper. 34 . C2 domain mutants, K78A/R82A and K87A/N88A in UVRAG, were generated using the Site-Directed Mutagenesis Kit (Clontech). The GST-or HA-tagged wild-type RINT-1 and ZW10, and their mutant derivatives, were constructed by cloning the complementary DNA of the full-length or truncated RINT-1 or ZW10 mutants into the KpnI/NotI sites of the pcDNA5/FRT/TO vector (Invitrogen). All constructs were confirmed by sequencing using an ABI PRISM 377 automatic DNA sequencer (Applied Biosystems). For expression of GST-fusion proteins in E. coli BL21 cells, the UVRAG C2 domain (residues 42-147), the UVRAG C2 domain with mutations (K78A/R82A or K87A/N88A) of UVRAG, and the full-length UVRAG were cloned into the pGEX-4T-1 vector (Pharmacia Amersham) between the BamHI and NotI sites. shRNA-resistant UVRAG mutants were generated using site-directed mutagenesis (Quickchange, Stratagene). The following plasmids were provided by others: tsO45-VSVG-KDELR-YFP (gift from V. Hsu, Harvard University, USA), ManII-emerald and EGFP-GalT (gifts from J. Lippincott-Schwartz, NIH, USA), DFCP1-EGFP (gift from T. Yoshimori, Osaka University, Japan), mStrawberry-MTMR3 and mStrawberry-MTMR3
C413S
(gifts from T. Noda, Osaka University, Japan), Hrs1-FYVE-pGEX-2TK (gift from W. Yuan, University of Southern California, USA), DsRed-ER (gift from S. Firestein, Columbia University, USA), and GFP-Jumpy and GFP-Jumpy-C330S (gifts from V. Deretic, University of New Mexico School of Medicine, USA; and J. Laporte, Louis Pasteur University, France).
Antibodies, fluorescent dyes and other reagents. The following antibodies
were used in this study: polyclonal rabbit anti-UVRAG (U7058, Sigma-Aldrich) at 1:1,000; monoclonal mouse anti-UVRAG (SAB4200005, clone UVRAG-11, SigmaAldrich) at 1:200; polyclonal goat anti-RINT-1 (Santa-Cruz) at 1:500; polyclonal rabbit anti-RINT-1, anti-ZW10 and anti-NAG (gifts from M. Tagaya, Tokyo University of Pharmacy and Life Sciences, Japan); polyclonal rabbit anti-MTMR3 (Cell Signaling) at 1:500; monoclonal mouse anti-actin (sc-47778, clone C4, SantaCruz) at 1:10,000; monoclonal mouse anti-beclin-1 (612113; clone 20; 1:500), anti-GM130 (610823; clone 35; 1:100), anti-calnexin (610524; clone 37; 1:300), anti-Sec31A (612350; clone 32; 1:500), anti-syntaxin6 (610636; clone 30; 1:300) and anti-p115 (612261; clone 15; 1:500), all from BD Transduction Laboratory; monoclonal mouse anti-syntaxin 18 (sc-293067; clone 10; 1:500; Santa-Cruz); polyclonal rabbit anti-TGN46 at 1:200 and anti-PDI at 1:500 (Enzo Lifesciences); polyclonal rabbit anti-δ-COP at 1:300 (Abcam); polyclonal rabbit anti-Atg16L1 at 1:1,000 (Abcam); polyclonal rabbit anti-Atg9 at 1:100 (GeneTex); monoclonal mouse anti-LC3 at 1:130 (Cosmo Bio, Japan); monoclonal mouse anti-p62 at 1:3,000 (MBL, Japan); polyclonal rabbit anti-β -COP (gift from R. Pepperkok (EMBL, Germany); monoclonal mouse anti-Bif-1 at 1:500 (Imgenex); monoclonal mouse anti-LC3 at 1:500 (CAC-CTB-LC3-2-IC; clone: LC3-1703; Cosmo Bio USA); monoclonal anti-Flag (F3165; clone M2; 1:2,000) and anti-GST (SAB4200237; clone 2H3-D10; 1:3,000), purchased from Sigma-Aldrich; monoclonal anti-HA (MMS-101P; clone 16B-12; 1:2,000), purchased from Covance; HRP-labelled or fluorescently labelled secondary antibody conjugates, purchased from Molecular Probes (Invitrogen). Purified rabbit IgG was purchased from Pierce. Unless otherwise stated, all chemicals were purchased from Sigma.
Immunofluorescence and confocal laser scanning microscopy. Immunofluorescence microscopy was carried out as previously described 29 . Briefly, cells plated on coverslips were fixed with 4% paraformaldehyde (20 min at room temperature). After fixation, cells were permeabilized with 0.2% Triton X-100 for 8 min and blocked with 10% goat serum (Gibco-BRL) for 1 h. Primary antibody staining was carried out using antiserum or purified antibody in 1% goat serum for 1-2 h at room temperature, or overnight at 4 • C. Cells were then extensively washed with PBS and incubated with diluted Alexa 488-, Alexa 594-and/or Alexa 633-conjugated secondary antibodies in 1% goat serum for 1 h, followed by DAPI (4 , 6 -diamidino-2-phenylindole) staining. Cells were mounted using Vectashield (Vector Laboratories). To stain endogenous membrane-associated proteins, cells were first permeabilized with 0.05% saponin for 1 min before fixing to extract cytosol. The cells were then fixed, permeabilized and processed for immunofluorescence microscopy as described above. Confocal images were acquired using a Nikon Eclipse C1 laser-scanning microscope (Nikon), fitted with a 60× Nikon objective (PL APO, 1.4 NA), and Nikon image software. Images were collected at 512×512 pixel resolution. The stained cells were optically sectioned in the z axis. For multichannel imaging, fluorescent staining was imaged sequentially in line-interlace modes, to eliminate crosstalk between the channels. The step size in the z axis varied from 0.2 to 0.5 mm to obtain 16 slices per imaged file. All experiments were independently repeated several times.
The Nikon NIS-Elements imaging analysis software was used for the colocalization analyses. In the analysis, confocal images of double-stained sections were first subjected to background correction. Mander's overlap coefficients were calculated and used to obtain the co-localization values as percentages of UVRAG overlapping with the protein of interest (for example, different organelle markers), or as percentages per cell of Atg9 that co-localized with the LC3 puncta for 50-100 cells. The experimenters were blind to the sample identity during analyses. Values indicate the mean ± s.d. of at least three independent experiments.
For the imaging experiment involving the gene knockdown and/or complementation, the cell samples were allocated according to the reporter (for example, GFP) or the specific protein staining. All of the criteria are well established in our previous study and in the literature. Approximately 50-200 cells from 10 to 20 randomly and blindly chosen high-power fields (20 or 60×) were evaluated for imaging analysis. The investigators conducted blind counting for each quantification-related study.
Immunoblotting and immunoprecipitation. For immunoblotting, polypep-
tides were resolved by SDS-PAGE and transferred to a PVDF membrane (BioRad). Membranes were blocked with 5% non-fat milk, and probed with the indicated antibodies. Horseradish peroxidase (HRP)-conjugated goat secondary antibodies were used (1:10,000, Invitrogen). Immunodetection was achieved with the Hyglo chemiluminescence reagent (Denville Scientific), and detected by a Fuji ECL machine (LAS-3000). For co-immunoprecipitation, cells were lysed in 1% NP40 lysis buffer (25 mM Tris at pH 7.5, 300 mM NaCl, 1 mM EDTA and 1% NP40), supplemented with a complete protease inhibitor cocktail (Roche). After pre-clearing with protein A/G agarose beads for 1 h at 4 • C, whole-cell lysates were used for immunoprecipitation with the indicated antibodies. Generally, 1-4 µg commercial antibody was added to 1 ml cell lysate, which was incubated at 4 • C for 8-12 h. After addition of protein A/G agarose beads, incubation was continued for another 2 h. Immunoprecipitates were extensively washed with NP40 lysis buffer and eluted with SDS-PAGE loading buffer by boiling for 5 min.
GST-fusion protein purification. GST-fusion proteins were expressed in BL21
E. coli and the recombinant proteins were purified from bacterial lysates using glutathione Sepharose-4B beads (GE Healthcare) according to the manufacturer's instruction. The GST was cleaved from UVRAG by thrombin digestion (RECOMT Thrombin CleanCleave Kit, Sigma). The purity of each protein preparation was confirmed by SDS-PAGE/Coomassie staining and quantified by the BCA assay (Thermo Scientific).
Homology modelling and molecular docking. The identification of the UVRAG C2 domain (Swiss-Prot code Q9P2Y5) homologues was carried out by performing sequence database searches with the domain-enhanced lookup time accelerated BLAST (DELTA-BLAST) method. This method is useful for detecting remote protein homologues as it searches a database of pre-constructed position-specific scoring matrices before searching a protein-sequence database, to yield better homology detection 55 . The best hits were used as templates for homology modelling using the Modeller9.11 software 56 , incorporated in the UCSF Chimera interactive graphic interface 57 . The multiple sequence alignment generated by ClustalW was used to develop the models. Binding mode determination of PtdIns(3)P in the UVRAG C2 domain model was performed using the Autodock vina molecular docking program 58 . The residues, Lys 78 and Arg 82, identified as crucial for PtdIns(3)P binding were used to generate the grid for molecular docking purpose.
Protein-lipid overlay assay. The protein-lipid binding assay was conducted according to the manufacturers protocol. Briefly, E. coli-purified recombinant proteins (1 µg ml −1 ) were incubated with PtdIns strips or PtdIns arrays (Echelon Biosciences) in blocking buffer (10 mM Tris, at pH 8.0, 138 mM NaCl, 0.1% Tween 20 and 3% fatty acid free BSA) for 2 h at room temperature. The membranes were then incubated with monoclonal antibody against GST or UVRAG, followed by HRP-conjugated goat secondary antibodies. The amount of proteins bound to a specific lipid spot was detected using a Fuji ECL machine (LAS-3000). Densitometric analysis was used to determine the relative affinity of protein binding to various PtdIns.
Protein-liposome binding assay. PolyPIPosomes (Echelon Biosciences USA)
contain phosphatidylcholine (0.65 mM), phosphatidylethanolamine (0.29 mM), biotin-phosphatidylethanolamine (0.009 mM) and PtdIns (0.05 mM). The phosphoinositides used in this study were PtdIns, PtdIns(3)P and PtdIns(4)P. GST-fusion protein (1 µg) was incubated with 10 µl 1 mM PolyPIPosomes in a binding buffer (50 mM Tris, and pH 8.0, and 150 mM NaCl) at 4 • C for 1 h. Liposome-protein complexes were recovered by centrifugation and the resultant pellets were resuspended and further incubated with streptavidin-agarose (Thermo Fisher Scientific, Rockford) for 1 h at room temperature. GST proteins bound to biotinylated liposomes were washed six times with the washing buffer (50 mM Tris, at pH 7.4, 150 mM NaCl and 0.5% Triton X-100), eluted with Laemmli sample buffer (Sigma), and separated by SDS-PAGE, followed by immunoblotting using anti-GST antibody. To exclude liposome-independent binding, a control sample containing GST proteins (without liposomes) mixed with the streptavidin beads was included in every assay.
Yeast two-hybrid. To identify UVRAG-interacting proteins, yeast two-hybrid screening was performed using Matchmaker Two-hybrid system 3 (Clontech), according to the previously published method 59 . Yeast strain AH109, which contains the Gal4-UVRAG 270−699 fusion gene plasmid, was grown overnight in synthetic dropout (SD)/−Trp medium to a density of approximately 10 7 cells ml −1 , diluted in 1 l of warm −Trp medium to an attenuance of 0.2-0.3 at 600 nm, and grown to an exponential stage. The cells were collected and washed twice with 100 ml of water and once with TE (10 mM Tris-HCl, at pH 7.5, 1 mM EDTA) (Clontech). The pellet was resuspended in 8 ml of 10 mM Tris-HCl (pH 7.5), 1 mM EDTA and 0.1 M Li-acetate (LiOAc). The suspension was then mixed with 1 mg of transforming DNA and 20 mg of single-stranded salmon sperm DNA, after which 60 ml of a solution consisting of 40% polyethyleneglycol-3350 in Tris-EDTA-LiOAc was added and thoroughly mixed, followed by incubation with agitation at 30 • C for 30 min. After a heat pulse at 42 • C for 15 min, the cells were pelleted, resuspended with YPD (Clontech), and plated on selective medium. Library screening and recovery of plasmids were performed according to the manufacturer's instructions.
Conventional electron microscopy. Conventional electron microscopy was performed as previously described 42 . Briefly, cells were fixed with 2.5% glutaraldehyde in 0.1 M sodium phosphate buffer, at pH 7.4, and post-fixed in 1% OsO 4 containing 1.5% potassium ferrocyanide in 0.1 M sodium phosphate buffer overnight before Epon embedding. Ultrathin sections (70-100 Å) were cut with a Sorvall MT-6000 ultramicrotome. Before visualization, samples were stained in 1% aqueous uranyl acetate for 20 min and examined with a JEOL 2100 transmission electron microscope.
ER-Golgi protein transport. COPI-dependent retrograde transport of tsO45-VSVG-KDELR was conducted as described previously 42 . Briefly, HeLa cells were transiently transfected with tsO45-VSVG-KDELR-YFP in the presence or absence of UVRAG knockdown, and then incubated at 32 • C overnight for the permissive condition. Cycloheximide (20 µg ml −1 ) was added to the medium before shifting cells to the 40 • C non-permissive condition. After 2 h, the cells were fixed and processed for immunofluorescence analysis. For the protein transport from the ER to the Golgi, VSVG-GFP was used as the anterograde cargo and the VSVG-GFPtransfected cells were first incubated at 40 • C overnight and then shifted to 32 • C to allow transport of cargo to the early Golgi region. Coverslips were fixed after 30 min at 32 • C, and examined by confocal microscopy.
Gene knockdown by shRNA. All shRNAs were purchased from Open Biosystems.
The shRNA sequence targeting human uvrag is: 5 -ACGGAACATTGTTAATAGAA-3 ; targeting human RINT-1 is: 5 -CCAATTGGATTTCAAGTTAT-3 ; targeting human ZW10 is: 5 -CACAGAAATGCTTGAAGTTA-3 ; targeting human Vps16 is: 5 -AGCCACATCCTCAUCTGAGACATCCTT-3 ; targeting human Vps18 is: 5 -AGGCTCATGCACAGCTGATTGCTGG-3 ; targeting human beclin 1 is: 5 -AAGATCCTGGACCGTGTCACC-3 ; targeting human Atg16 is: 5 -GGCCTTCTGGATTCTATCACTAA-3 .
UVRAG purification and gel filtration chromatography. HCT116 cells stably expressing Flag-UVRAG were treated with rapamycin (50 nM) or dimethylsulphoxide, collected and lysed in cold NP40 buffer A (0.5% NP-40, 150 mM NaCl, 20 mM HEPES and 1 mM EDTA) supplemented with a complete protease inhibitor cocktail (Roche). After pre-clearing with protein A/G agarose beads, whole-cell lysates were incubated with anti-Flag-conjugated agarose for 6 h at 4 • C. Agarose was extensively washed with buffer A and proteins were eluted with Flag peptide DYKDDDDK for 12 h at 4 • C.
Gel filtration chromatography was performed as described previously 60 . Briefly, purified proteins (200 µl) were loaded onto a Superpose-6 column (Sigma-Aldrich) and subjected to gel filtration analysis with buffer A. Elutions were collected in 0.5 ml fractions and aliquots of fractions were analysed by immunoblotting. The gel filtration standards (Sigma-Aldrich) were bovine thyroglobulin (relative molecular mass 669,000 (M r 669K)), horse spleen apoferritin (M r 443K), sweet potato β-amylase (M r 200K), bovine serum albumin (M r 66K) and bovine erythrocyte carbonic anhydrase (M r 29K).
Statistical analysis.
All experiments were independently repeated at least three times. To ensure adequate power and decrease estimation error, we used large sample sizes and multiple independent repeats by independent investigators. Furthermore, multiple lines of experiments including different quantification methods were used to ensure consistent and mutually supportive results. The sample size was chosen according to the well-established rules in the literature as well as our ample experience in previous research. Data are presented as mean ± s.d. Statistical significance was calculated using Student's t -test or one-way analysis of variance test, unless otherwise stated. A P value of <0.05 was considered statistically significant. Figure S5 UVRAG is required for maintenance of Golgi integrity. (a-b) The effect of Brefeldin A (BFA) on the Golgi was not discernably affected upon UVRAG knockdown. HeLa cells were treated with scrambled shRNA or shRNA against UVRAG, and then transfected with the GalNacT2-GFP (a) or ManII-GFP (b) plasmids. BFA (0.5 mg/ml) was then added to cells for indicated time points. Cells were fixed, and examine for the distribution of GalNacT2-GFP (a) and ManII-GFP (b) using immunofluorescence microscopy. Data (in a and b) represent mean ± SD; n = 100 shRNA-transfected cells obtained from three independent experiments. Scale bar, 10 mm. Kinetics of BFA-induced redistribution of GalNacT2 (a; right panel) and ManII (b; right panel) from the Golgi to the ER are shown. (c) Beclin1 deficiency has minimal effect on GM130 distribution. Beclin1 wild-type (beclin1+/+) and knockdown (beclin1-/-) mouse ES cells were stained using anti-GM130 for cis-Golgi integrity and DAPI for nuclei, followed by confocal microscopy analysis. Western blot shows the levels of Beclin1 in these cells with actin serving as a loading control (right). Scale bars, 10 mm. (d) The C-Vps complex is not required for cis-Golgi integrity. HeLa cells transfected with control-, or Vps16-, or Vps18-specific shRNA, were subjected to confocal microscopy analysis using anti-GM130 (red). Western blots show the levels of Vps16 and Vps18 in these cells with actin serving as a loading control (right). Scale bars, 10 mm. Control-(1 st row), UVRAG-(2 nd row), Beclin1-(3 rd row), RINT-1-(4 th row), or Atg16L1-(5 th row) knockdown HeLa cells were incubated in complete medium (untreated, UT), starvation medium (HBSS, 2 hr), or treated with rapamycin (100 nM, 2 hr) or SMER28 (50 μM, 2 hr). The distribution pattern of endogenous Atg9 (green) was analyzed by confocal microscopy (left). The percentage of cells with dispersed Atg9 foci was calculated (middle). For each sample, 500 cells were counted. Immunoblotting of UVRAG, Beclin1, RINT-1, and Atg16L1 are shown (right). Data represent mean ± SD; n = 500 shRNA-transfected cells obtained from three independent experiments. n.s. not significant; *** p < 0.001. Scale bars, 10 mm. (b) Autophagy activity of the UVRAG mutants. The 293T cells expressing empty vector, Flag-tagged wild-type UVRAG or its mutants as indicated, were cultured in complete medium or treated with SMER28 (50 μM). The cell lysates were subjected to immunoblotting with LC3, p62, Flag, and actin antibodies. Densitometric quantification of the LC3-II/LC3-I ratios under the indicated conditions is shown at the bottom of the LC3 blot. Similar results were obtained from three independent experiments. See Supplementary Fig. S9 for uncropped data. UVRAG, a PI(3)P effector at the ER, associates with the RINT-1-ZW10-NAG tethering complex for efficient COPI-vesicle transport to the ER; Induced Golgi-ER traffic pulse can increase this complex assembly. Upon autophagy induction, UVRAG dissociates from the ER tethering complex and associates with the Beclin1-containing autophagy complex, which is required for Atg9 translocation from the Golgi to the autophagosome biogenesis site. The partner change of UVRAG during autophagy highlights coordinated regulation of intracellular membrane trafficking events. See the Discussion for detail.
